Testicular regression was prevented or attenuated in Siberian hamsters exposed to a single 1to 4-h extension of the 16-h photophase at 18 days of age and subsequently maintained in a short photoperiod (8L:16D) through Day 35. Testicular weights on Day 35 were not correlated with the duration of the active phase of wheel running or with the time of activity onset after transfer to the 8L:16D photoperiod. Wheel-running activity was not stably entrained to the light-dark cycle by 35 days of age. Progonadal effects of a single 33-h light pulse were greatest at 18 days of age, still evident at 30 days, but undetectable in older hamsters. In female hamsters, a single longer day at weaning was associated with increased fecundity several weeks later. Long photoperiods accelerated development of antral ovarian follicles, but exposure to males was necessary to induce ovulation before 60 days of age. The interval beginning shortly after weaning is one of heightened responsiveness to changes in day length (DL); exposure to increasing DL at this time may prolong the breeding season when DL decreases after the summer solstice. We suggest that the long-term effects of acute light treatments on reproduction are mediated by sustained changes in melatonin secretion induced by reprogramming of circadian oscillators.
INTRODUCTION
In nonequatorial regions, variation in day length (DL) is the most reliable noise-free predictor of phase in the annual geophysical cycle (Bronson and Heideman, 1994) . Many mammalian species accordingly rely on variations in DL as the principal cue to restrict reproduction to the spring and summer months. When the duration of the daily photophase falls below a critical species-specific value, spermatogenesis and ovulation are inhibited (Turek and Van Cauter, 1994) ; the transition from reproductive competence to quiescence in adult rodents typically occurs 4 to 8 weeks after the daily photophase decreases below the critical DL; and reproduction can be reinstated over a similar time course when animals are transferred from short to long DLs. Similar processes operate, albeit with somewhat shorter latencies, in juvenile rodents. Pups born into short or decreasing DLs undergo very slow reproductive development in comparison to those born into long or increasing DLs (Hoffmann, 1978) . This mechanism presumably accounts for field observations that rodents born a few weeks before the summer solstice achieve adult body masses and full reproductive de-1. To whom all correspondence should be addressed. JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 10 No. 1, March @ 1995 Sage Publications, Inc. velopment by 40-60 days of age, whereas conspecifics born several weeks later do not reach puberty or full adult mass until they are 150-180 days of age (references in Forger and Zucker, 1985) .
Several years ago we reported that a single 4-h light pulse at weaning had long-term effects on testicular and somatic development of Siberian hamsters. Briefly, hamsters treated with 4 extra hours of light at 18 days of age, and subsequently maintained in short DLs, had substantially heavier testes 16 days later than did control animals (Spears et al., 1990) ; plasma follicle stimulating hormone (FSH) concentrations were elevated 5, 7, and 12, but not 17 days after the single longer day at weaning (Whaling et al., 1993) . A related model system, in which a single acute photoperiodic stimulus produces sustained effects on the reproductive system of Japanese quail, previously proved useful in delineating photoperiodic control of the neuroendocrine axis in birds (Follett and Nicholls, 1985) . To fully exploit the rodent model system, we deemed it necessary to first define the conditions under which a single longer day can provoke sustained reproductive responses. Specifically, we investigated whether shorter extensions of the photophase (1 or 2 h) on day 18 would stimulate reproductive development. We measured activity rhythms of hamsters given a light extension at Day 18 to determine if entrainment patterns, perhaps reflecting melatonin rhythms, would predict testis growth. We also assessed whether the interval around weaning was one of unusual sensitivity to DL or whether similar reproductive responses could be elicited from older animals exposed to a single longer day. In addition, the functional consequences of a single longer day were investigated: Can a brief light extension on a single day transform anovulatory females into dams capable of producing viable offspring? A positive outcome would suggest that pups exposed to increasing DLs around the time of weaning might be capable of reproduction even if subsequent DLs fell below the critical minimum ordinarily required to sustain reproductive activity.
MATERIALS AND METHODS
A breeding colony of Siberian hamsters was maintained in a long photoperiod that provided 16 h of light/day. Hamsters were provided with food (Mouse chow # 5015, Purina Mills, St. Louis, MO.) and tap water ad libitum. Litters were weaned at 18 days of age and pups were housed singly thereafter in polypropylene cages (27 x 16 x 13 cm high). At the end of experiments, hamsters were injected with lethal dosages of pentobarbital sodium and reproductive organ and body weights were recorded. Experiment 1: Minimal Day Length Extensions Effective in Stimulating the Reproductive System Male weanlings (n = 49) were transferred during their normal light phase at 18 days of age to one of several cabinets kept on a 16L:8D cycle similar to the photoperiod in the colony room (control photoperiod) or to one of three experimental photoperiods designated 17L:7D, 18L:6D, and 20L:4D, with an additional 1, 2, or 4 h of light attached to the end of the previous 16-h photophase, respectively ( Fig. 1A ). On Day 19, hamsters from all four groups were transferred to, and thereafter kept in, a cabinet programmed with an 8L:16D photoperiod. On Day 35, hamsters were anesthetized, body weight was recorded, and testes removed and weighed. Visual inspection of data indicated that assumptions of normality were violated for testis weights but not body weights. Testis weights were analyzed by Kruskal-Wallis test followed by planned comparisons with the Mann-Whitney U test. Body weights were analyzed by ANOVA. Experiment 2: Activity Rhythms of Hamsters Given a Single Longer Day
The circadian system of hamsters given a single longer day at weaning was probed in an experimental design similar to that of Experiment 1 (Fig. 1B ). Male weanlings were transferred during their normal light phase at 18 days of age to a cabinet in which they were exposed to an additional 2 h of light at the end of their usual 16-h photophase on Day 18 (18L:6D; n = 18); other hamsters were kept in a cabinet with the usual 16L:8D photocycle (control; n = 17). On Day 19, all hamsters were transferred to a room maintained on an 8L:16D photoperiod and were housed singly in cages equipped with activity wheels, each connected to a separate channel of an Esterline-Angus event recorder in continuous operation at a chart speed of 45.7 cm/24 h. Each wheel revolution produced a single pen deflection. Activity data, recorded until the experiment was terminated at Day 35, were cut into 24-h segments and assembled with each day's record placed beneath that from the preceding day. Charts were photographically reduced and labeled. Records were analyzed as fol- Figure 1 . Schematic representation of photoperiod regimens employed in Experiments 1-4. Each horizontal bar represents 24 h. Dark areas represent daily intervals of darkness. Absolute clock times of light onset during Days 1-17 varied between experiments but are normalized here. The initial light onset occurred at A) 0400 PST; B) 0300 PST; and C, D) 0500 PST. Ages of hamsters corresponding to each photoperiod are indicated in left margins. Experimental and control photoperiods are labeled in right margins. lows: Activity onset was defined as the time of the first sustained bout of wheel running occurring after an interval of 2 h with less than 15 min of wheel running; an activity bout was considered to be &dquo;sustained&dquo; if it contained breaks of less than 15 min between successive wheel revolutions. Offset of activity was defined as the end of the last bout of sustained activity before a 2-h interval in which there was less than 15 min of activity. The duration of the active phase (a) was the interval between activity onset and offset.
The time of lights-off was advanced by 8 h when animals were transferred to the 8L:16D photocycle on Day 19; entrainment to the 8L:16D photoperiod was assessed by determining the slope of the least squares regression line fitting activity onsets for Days 21-34. These days were chosen because activity onsets were generally well predicted by linear functions during this interval; prior to Day 21, missing values and large shifts were far more common. Activity onsets were not always predictable, mostly because the hamsters did not engage in wheel running, particularly during the first few days of testing, and also occasionally because of mechanical failure. Additionally, for purposes of the regression analysis, onsets that differed from previous and subsequent onsets by more than 2 h in the same direction were considered aberrant; this too was most common before Day 21. Data from hamsters for which fewer than 10 of 14 activity onsets could be determined were excluded from the analysis.
Experiment 3: Critical Ages for Photostimulation of Reproduction
Male hamsters gestated and housed from conception to weaning (Day 18) in the standard 16L:8D photoperiod were housed thereafter in an 8L:16D photocycle. At 30, 50, 70, and 124 days of age, groups of animals received either an additional short day (control groups), or one extended long day consisting of 33 h of light (flash experimental groups). All groups were housed in the 8L:16D photoperiod for 17 days after these treatments (Fig. 1C ). Autopsies were performed at 47, 67, 87, and 141 days of age, respectively. Littermates were alternated between experimental and control treatment groups at weaning such that each litter was represented in each group. Experimental and control groups at each age were compared with two-tailed Mann-Whitney U tests.
Experiment 4: Effect of One Longer Day on Female Fecundity
Female hamsters were mated and maintained throughout the first 17 days of lactation in the standard 16L:8D photoperiod. At weaning on Day 18, female pups were individually housed; one group (n = 22) was exposed to a 20L:4D photoperiod in a cabinet.
A control group (n = 21) was moved to a similar cabinet maintained on the standard 16L:8D photoperiod on Day 18. On Day 19, both groups of animals were transferred to a separate room kept on an 8L:16D photocycle ( Fig. 1D ).
At 35 days of age, each female was paired in its home cage for 18 days with an adult male taken from the 16L:8D colony room. Only males of proven fecundity were used. Cages were inspected at least once daily for evidence of parturition. Where possible, alternate littermates were assigned to the experimental and control groups, which were compared with twotailed t tests, chi-square, and Fisher Exact probability tests where appropriate.
Experiment 5: Reproductive Development in Short and Long Photoperiods
Twenty-four female hamsters were gestated in a 16L:8D photoperiod (lights on 0300-1900 h daily); 12 animals and their dams and littermates were transferred to an 8L:16D photocycle (lights on 0400-1200 h daily) at birth while the remaining hamsters were retained in the original 16L:8D photoperiod. At weaning on Day 18, females were housed individually in their lactational photoperiod. On Day 33, a sexually experienced fecund male from the long-day colony room was introduced into each female's cage and kept there through Day 45. Cages were inspected daily through Day 64 for presence of litters.
Additional unmated females from each of the treatment conditions described above were individually housed from the time of weaning; they constituted groups maintained in either long (n = 10) or short (n = 9) DLs from birth to 40 days of age. In a separate experiment conducted several months later, similar groups of animals (n = 7-8 per group) were maintained to 60 days of age under the same long-and short-day conditions. Ovaries were removed at 40 or 60 days of age and fixed in 10% formalin and embedded in paraffin ; serial sections cut at 6 microns and stained with hematoxylin and eosin were examined microscopically for presence of corpora lutea. The number of antral follicles was determined according to criteria developed by Pedersen and Peters (1968) . Classification was performed by an experimenter uninformed about treatment condition of donor animals. Groups were compared with ANOVA, two-tailed t tests, and chi-square tests where appropriate.
RESULTS

Experiment 1
There was a significant treatment effect on testis weight (p = 0.005, Kruskal-Wallis test, Fig. 2A ), but not on body weight (p > 0.6, Fig. 2B ). Each of the groups that received 1, 2, or 4 extra hours of light on Day 18 had significantly heavier testes than the control group given 0 h of extra light (p < 0.05 for 17L:7D vs. 16L:8D; p < 0.01 for 18L:6D and 20L:4D vs. 16L:8D). Weights of testes did not differ among the groups given 1, 2, or 4 extra hours of light. There was a significant correlation across groups between body and paired testes weights (r = 0.61, p< 0.01).
Experiment 2
The proportion of animals manifesting complete testicular regression (testis weights < 80 mg) was lower among the group receiving 2 h of supplementary light than among control hamsters (4/18 vs. 12/17, p < 0.005, chi-square test). Testis weights followed the same pattern of response observed in Experiment 1: Testes weights of hamsters that received 2 extra hours of light on Day 18 were greater on Day 35 than those of control animals not given the supplementary light, but this Figure 2. Mean + standard error of the mean (SEM) testis (A) and body (B) weights of 35-day-old hamsters maintained from birth in long days (16L:8D), exposed on Day 18 to one light cycle extended by 0 (16L:8D, n = 13), 1 (17L:7D, n = 12), 2 (18L:6D, n = 11), or 4 (20L:4D, n = 13) h and transferred on Day 19 to short days (8L:16D). * (30.1 ± 0.9 vs. 30.8 ± 1.1 g, p > 0.6).
The two groups did not differ with respect to time of activity onset or duration of the active phase on any day after transfer into the 8L:16D photoperiod; nor was the rate of entrainment to this photoperiod different between the groups. There was substantial variation within each group in testis size and in locomotor activity measures (Fig.  3 ). Collapsing across groups, there was no significant relation between testis weight and time of activity onset or activity duration on any day; nor was there a significant correlation between the rate of decompression of activity duration and testis weight. Because the interval around weaning (Days 18-21) is one of heightened responsiveness to photoperiod and melatonin (Experiment 3; Gorman and Prendergast, unpublished observations), we assessed whether hamsters whose testes failed to undergo regression by Day 35 (testes weights > 400mg, n = 9) and those that displayed complete gonadal involution (testes weights < 80mg, n = 16) differed with respect to locomotor activity measures on Days 19-21. In particular, short activity durations, or the complete absence of activity, might indicate short melatonin durations or complete suppression of melatonin secretory activity Although 8/9 animals with large testes had either short as or failed to run in the wheels during Days 19-21, the remaining hamster had a long a beginning on Day 19 and continuing thereafter. Moreover, a similar proportion (14/16) of hamsters that underwent gonadal regression had short as or failed to run in the wheels during Days 19-21.
By Day 35, only 11 of 18 experimental and 10/17 control hamsters had entrained their wheel-running activity to the 8L:16D photoperiod (e.g., Fig. 3A , No. 16 ). Extension of the dark phase into the evening hours thus failed to induce entrainment within 16 days in a substantial proportion of animals, whether or not they received 2 extra hours of light on Day 18. All animals that failed to entrain manifested daily advancing activity onsets (Fig. 3) .
Experiment 3
Testis weights of experimental animals exceeded those of controls when measured at 47 days of age (189 ± 55 [n = 18] vs. 42 ± 1 [n = 14], p < 0.01). Experimental animals treated at Day 50,70, or 124 did not differ from controls when measured at 67 (p > 0.10), 87 (p > 0.40), or 141 days (p > 0.15) of age, respectively. Thus, 33 h of light stimulated testis growth at 18 (Spears et al., 1990) and 30 days of age (present experiment) but not in older hamsters treated similarly There was a significant increase in body weight in hamsters exposed to extra light on Day 50 (31.8 ± 0.8 [n = 11] vs. 26.8 ± 0.8 [n = 19], p < 0.001).
Experiment 4
Of hamsters given the extra 4-h light treatment on Day 18, 59% produced litters, as compared with 28% Figure 3 . Representative wheel-running activity records from Days 19-35 of age of hamsters maintained from birth in 16L:8D and exposed on Day 18 to one light cycle extended by 2 (A) or 0 (B) h and transferred on Day 19 to 8L:16D. Paired testis weights (TW) are indicated for each animal. of females housed in the standard 16L:8D photoperiod (chi-square = 4.06, p < 0.05). The number of days between pairing and inferred insemination, calculated by substracting the gestation interval (18 days) from the parturition date, did not differ significantly (p > 0.30) between the groups (7.5 and 6.2 days for the extended light and control groups, respectively).
Experiment 5
Short-day females bore no young (0/12), whereas 4/12 long-day females produced litters (p < 0.05, Fisher's Exact Test). The intervals from pairing to insemination were 4, 4, 7, and 7 days; females were between 37 and 40 days old at the time of impregnation.
None of the ovaries of unmated females sampled at 40 days of age contained corpora lutea. There were, however, significantly more antral follicles in the longday than in the short-day group (p < 0.01, Fig. 4 ).
A similar relation obtained in unmated females that were 60 days old. No corpora lutea were detected in the ovaries of long-day or short-day females, but there were many more antral follicles in the ovaries of the former group (p < 0.01). As a control procedure, the ovaries of two females that had mated in an unrelated experiment were examined and found to contain numerous corpora lutea.
DISCUSSION
Extension of the photophase by 1 h at 18 days of age prevented or attenuated testicular regression in Siberian hamsters during the ensuing 17 days in a short photoperiod. Similar extension by 2 h increased fecundity in female hamsters subsequently maintained in short days. This confirms and extends earlier observations (Spears et al., 1990) . A 1to 4-h increase in DL on Day 18 presumably suppresses or abbreviates melatonin secretion for several days (Illnerova, 1991) , which may account for subsequent attenuation of testicular regression. In support of this conjecture, the progonadal effect of a 4-h light extension on Day 18 was blocked by administration of melatonin during the extended light phase and on the ensuing 2 days (Whaling et al., 1993) .
The discrimination of short from long DLs by Siberian hamsters is based on decoding of nightly melatonin durations (Bartness and Goldman, 1989; Bartness et al., 1993; Carter and Goldman, 1983 ); short DLs induce long melatonin pulses (> 8 h) and gonadal regression, whereas shorter melatonin pulses (< 6 h) are associated with long DLs and gonadal recrudescence or spermatogenesis. The 1to 4-h light extensions presumably reset circadian oscillators that control the duration of nightly melatonin secretion (Illnerova, 1991) . The nightly rise of melatonin is controlled by the evening (E) oscillator and the cessation of melatonin secretion by the morning (M) oscillator. Because the time of light onset on the day of light extension was identical in all groups (including the one that received no light extension), the extra light would appear to affect the gonads by delaying the E oscillator, thereby significantly shortening or even totally suppressing melatonin secretion for 1 or more days (Illnerova, 1991) .
Gonadal regression in short DLs was not correlated with the locomotor activity rhythm; neither the time of activity onset, the duration of the nightly active phase (a), nor the rate of decompression of a were predictive of testis weights at 35 days of age (Experiment 2). Because a is correlated with the duration of nightly melatonin secretion (Darrow and Goldman, 1986; Elliott and Tamarkin, 1994) , the present result could be interpreted as challenging the primacy of melatonin duration as a determinant of gonadal status. We argue against this interpretation. First, the coupling of the duration of elevated melatonin secretion to a has been established under steady-state conditions of stable entrainment to light-dark cycles or in hamsters free-running in constant darkness. In Experiment 2, the majority of hamsters had not entrained their locomotor activity to the short-day photoperiod by the time gonadal status was assessed. Melatonin secretion and wheel-running activity may phase-shift at different rates; the coupling characteristic of the steady state may not obtain during such transitions, thereby invalidating locomotor activity as a marker for the melatonin rhythm. Second, the developmental stage investigated in Experiment 2 is one of acute responsiveness to light and melatonin. Because a, and presumably duration of melatonin secretion and responsiveness to melatonin, are changing throughout this interval, the absence of correlations between these measures at any given time might reflect complex interactions; for example, a short melatonin duration on Day 21 may be counteracted by a longer melatonin signal on Days 25-26. Resolution of this issue will require very frequent monitoring of melatonin profiles in individual hamsters.
Most hamsters in Experiment 2 did not entrain their activity rhythms even after more than 2 weeks in the short DL. This unexpected finding is a consequence of the manner in which the transition from long to short days was achieved, namely, an advance of 8 h in the onset of darkness into the evening hours. This type of phase shift is associated with slow re-entrainment of the pineal N-acetyltransferase (NAT) rhythm (reviewed by Illnerova, 1991) and delayed gonadal regression (Hoffmann and Illnerova, 1986) in adult Siberian hamsters. We have confirmed that transitions from long to short DLs achieved by extending the dark phase into the morning hours accelerate re-entrainment of the locomotor rhythm, promote expansion of a, and facilitate gonadal regression (Gorman, 1994) compared to transitions such as those effected in Experiment 2 in which darkness is extended into the evening hours. In some individuals subjected to the latter treatment, entrainment is not completed even after 13 weeks (Thomas and Zucker, unpublished observations). The completely asymmetric photoperiod transfers may also explain why a less robust effect on testis weights of a 2-h light pulse was noted in Experiment 2 compared to Experiment 1.
The progonadal effect of a 33-h light pulse was greatest at Day 18 (Spears et al., 1990 ; present experiment) ; in males housed in short days, this light treatment stimulated gonadal growth at 18 and 30 days of age but not at later ages (Experiment 3). In Experiment 3, hamsters were gestated and maintained through Day 18 in long days before being transferred to short days. The long light pulse on Day 30 counteracted the effect of short days from Day 18-30. Thus more than 12 short days are required to eliminate the response to the single long day Decreased responsiveness with age to short melatonin signals or decreased efficacy of the extended light signal to influence melatonin secretion for several days may account for these results. Alternatively, repeated exposure to short days, rather than age per se, may decrease neuroendocrine responsiveness to a single extended long day Short-day male hamsters 124 days of age, ostensibly on the verge of spontaneous gonadal development (Hoffmann, 1978) , were no more responsive to the long light signal than were animals in the 50to 90-day range. All these groups were far less responsive than were juveniles 18 to 30 days of age. This suggests that light-sensitive and spontaneous recrudescence are functionally and physiologically distinct in this species, as has been indicated in Syrian hamsters (Bittman, 1978; Turek, 1979) .
The influence of perinatal DL on the course of development of reproductive capability in female Siberian hamsters was completely unknown. Such information is necessary to evaluate the impact of brief light treatments at weaning on female fecundity and provided the rationale for Experiment 5. Antral follicular development was accelerated in ovaries of females kept from birth in long as compared to short DLs. Accelerated reproductive maturation occurs in females of other photoperiodic rodent species (Imel and Amann, 1979; Garcia and Whitsett, 1983; Spears and Clarke, 1986) . Surprisingly, none of the individually housed long-day females had ovulated by 60 days of age, even though females housed with males not only ovulated but also conceived young as early as 37 days of age. In long DLs, cohabitation with males is sufficient and may be necessary to provoke ovulation in Siberian hamsters. The relative contributions of male pheromones or male-female interactions to ovulation remain to be determined. Males influence female reproductive physiology in the closely related Djungarian hamster, Phodopus campbelli (Gudermuth et al., 1992) . In this species, females that lived with an adult male since weaning ovulated 16 days earlier than those living alone, but, unlike solitary Siberian hamsters, almost all socially isolated females had ovulated by 50 days of age.
A single longer day near the time of weaning prevented or attenuated reproductive quiescence in male and female hamsters subsequently maintained in short photoperiods. Extensions of the photophase most likely exert their effects by altering melatonin secretion (Whaling et al., 1993) during a period of heightened responsiveness to melatonin around the time of weaning. By undergoing reproductive development upon exposure to a single longer day, the weanling hamster, which lacks a long photoperiodic history, may avoid nonadaptive gonadal regression in the event that it fails to sample both dawn and dusk in subsequent long days. Spears N and Clarke JR (1986) Effect of male presence and of photoperiod on the sexual maturation of the field vole (Microtus agrestis ). J Reprod Fertil 78 : 231-238. Spears N, Finley CM, Whaling CS, Tuthill CR, and Zucker I (1990) Sustained reproductive responses in Djungarian hamsters (Phodopus sungorus) exposed to a single long day. J Reprod Fertil 88 : 635-643. Turek FW (1979) Effect of melatonin on photic-independent and photic-dependent testicular growth in juvenile and adult male golden hamsters. Biol Reprod 20 : 1119-1122. Turek FW and Van Cauter E (1994) 
